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Abstract: Faulted stacking layer is ubiquitously observed during crystal growth of 
semiconducting nanowires (NWs). In this paper, we employ the reverse non-equilibrium 
molecular dynamics simulation to elucidate the effect of various faulted stacking layers on 
the thermal conductivity (TC) of silicon (Si) NWs. We find that the stacking faults can 
greatly reduce the TC of the Si NW. Among the different stacking faults that parallel to the 
NW’s axis, the 9R polytype structure, intrinsic and extrinsic stacking faults exert more 
pronounced effects in the reduction of TC than the twin boundary. But for the 
perpendicularly aligned faulted stacking layers, the extrinsic stacking faults and 9R polytype 
structures are observed to induce larger reduction to the TC of the NW than the twin 
boundary and intrinsic stacking faults. For all considered NWs, the TC does not show a 
strong relation with the increasing number of faulted stacking layers. Our studies suggest the 
possibility of tuning the thermal properties of Si NWs by altering the crystal structure via the 
different faulted stacking layers.   
 
Keywords: Thermal conductivity; Si nanowire; Stacking faults; Molecular dynamics 
simulation 
 
1. Introduction 
Metal and semiconductor nanowires (NWs) have showed appealing technological 
applications in micro/nano-electro-mechanical systems (MEMS and NEMS) and thermal 
devices. As the devices move to micro/nano-scale, their performance and stability are 
primarily dominated by the thermal conduction of the NWs. The last decade has witnessed 
the intensive researches on the thermal conductivity (TC) of NWs, with a particular emphasis 
on the semiconducting ones. It is reported that the thermal properties of Si nanostructures are 
dramatically different from those of bulk materials due to the high surface-to-volume ratio 
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and size effect. Li et al. [1] observed in the experiment that the TC of individual Si NWs was 
more than two orders of magnitude lower than the bulk value and exhibits strong diameter 
dependence. By using equilibrium molecular dynamics (EMD) simulations, Volz and Chen  
[2] found that Si NWs possesses a TC of one to two orders lower than its bulk counterpart in 
temperatures ranging from 200 to 500K, in agreement with the experimental results given by 
Li et al. [1]. Thereafter, tremendous research efforts [3-5] have been devoted to unveiling the 
underlying physics of the considerable reduction of TC of Si NWs. The research studies in 
the literature have elucidated that the reduction of TC of Si NWs stems from the size 
reduction.  
In addition to the size effect, it is revealed from the available experimental and 
theoretical results that the surface structure of NWs may also influence their TC [6]. For 
instance, chemically etched Si NWs with rough surfaces has a remarkably lower TC than its 
smooth counterpart with the same diameter [7, 8]. From the molecular dynamics (MD) 
simulations, either the periodic sawtooth faceting [9] or amorphous surface [10] was found to 
cause a significant degradation to the TC of Si NWs. Besides, several works investigated the 
impact of the crystalline structure on the TC, such as the tetrahedral, Si34-Clathrate, Si46-
Clathrate and polycrystalline types of Si NWs [11, 12]. It is noteworthy that most of the 
previous studies have focused on the influence of diameter and surface structure on the TC 
since the phonon confinement effects are predominantly originated from these two aspects. 
But relatively few works have been done on the effect of core defects on TC. Most recently, 
using EMD simulations on Si NWs with a tailored surface structure and composition and 
with specific core defects, He and Galli [10] discovered that the combination of internal voids 
and surface ripples in Si NWs are responsible for the two orders of magnitude reduction in 
TC with respect to the bulk one. It is well known that the crystalline structure of Si NWs 
could be tailored by controlling different growth protocols and conditions [13, 14], and thus 
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as expected different defects can be formed, such as twins [15], 2H and 9R polytype [16]. 
Hitherto how the other defects influence the TC of Si NWs remain to be addressed. This fact 
motivates us to investigate the effect of the aforementioned faulted stacking layers on the TC 
of Si NWs using the reverse non-equilibrium MD (RNEMD) simulations.  
 
2. Numerical implementation 
First of all, in order to probe the impacts on the TC from different faulted stacking layers, we 
consider the <112> orientated Si NWs with different types of ordered stacking faults as 
illustrated in Fig. 1. For the sake of simplicity, the AaBbCc stacking sequence of the {111} 
planes for a perfect diamond structure is represented by the simple sequence ABC (see Fig. 
1b). The perfect Si NWs in Fig. 1b is used as a reference. The simulated models consist of 
low-energy faults in Si NWs without change in the four nearest-neighbor covalent bonds in 
the lattice (i.e., bond lengths or angles remain unchanged at the interface but the periodicity 
of the perfect crystal structure is disrupted), including Si NWs with one twin boundary (TB) 
in Fig. 1c (NW-1TB), two twin boundaries (TBs) in Fig. 1d (NW-2TB), intrinsic stacking 
fault (iSF) in Fig. 1e (NW-iSF), extrinsic stacking fault (eSF) in Fig. 1f (NW-eSF), and 9R 
structure  in Fig. 1g (NW-9R). Different faulted stacking layers are parallel to the NW’s axis 
and generated by the insertion or removal of certain stacking layers in the NW [17], and the 
NW-9R was constructed according to the previous experimental observations [16]. 
The RNEMD simulations were carried out by the theory proposed by Muller-Plather 
[18]. An identical radius of 3 nm was selected for all the Si NWs with their length varying 
from 53.20 to 88.67 nm. The system temperature considered herein was 200, 300, 400, 500 
and 600 K. The Stillinger-Weber (SW) many-body potential [19] was adopted to describe 
the interaction between Si atoms, which allows for the realistic surface reconstruction. The 
SW potential has been widely applied in the investigation of TC of Si NWs in the previous 
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studies and it gives good predictions of TC comparing with the experimental measurements 
[20]. In the simulation, the initial equilibrium configuration of NW was achieved by the 
conjugate gradient minimization method. Then the NW was equilibrated at the desired 
temperature for 400 ps with a time step of 0.5 fs. Finally, the NW was simulated in the 
microcanonical ensemble (i.e., constant atom number, volume, and energy) for 4 ns. Periodic 
boundary condition was applied along the axis of the NW so as to eliminate the edge effects. 
All the simulations were performed using the software package LAMMPS [21]. The effect of 
different types of ordered stacking faults on the TC was assessed by utilizing the perfect Si 
NW as the reference. 
 
3. Results and discussion 
The TC ( ) is calculated by using the Fourier’s law as / ( / )J T z     , where J is the heat 
flux vector (in unit of Watt), which is the energy transferred in a specific time through a 
surface perpendicular to the heat flux direction (i.e. the axis of NW), /T z   is the 
temperature gradient along the heat flux direction. It is well-known that the temperature in 
the MD simulations is obtained using the classical statistical mechanics equipartition theorem, 
which is invalid when the system temperature is below the material’s Debye temperature 
(645 K for Si). To mitigate this limitation, the quantum corrections [22] have been commonly 
applied to the temperature T and the   predicted by MD simulations. However, recent 
research [23] found that quantum corrections in MD results above 200 K makes marginal 
difference for T and  when compared with the quantum predictions. In view of this fact, 
quantum corrections are neglected in the calculation of TC in the present work. 
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3.1 Thermal conductivity of perfect <112> Si nanowires 
In the forgoing sections, we focused on the <100> Si NWs. Next, we discussed the TC of a 
perfect <112> Si NW. Fig. 2 shows the variation of the temperature for a perfect NW under 
300 K at 4 ns. The temperature profile of the NW is symmetric with respect to the middle of 
the NW and it is nonlinear at both ends due to the finite size effects. In order to eliminate the 
edge effects, we use the linear middle portion (solid red line in Fig. 2) to extract the 
temperature gradient for the calculation of TC. The corresponding TC of the perfect NW is 
estimated as 11.27±0.34 W/mK as shown in Fig. 2b (estimated at a simulation time interval 
of 0.5 ns), which is about 4-fold larger than those given by Volz and Chen [2] using EMD 
and Wang et al. [4] using NEMD. This discrepancy may be attributed to the fact that the TC 
of Si NW is strongly dependent on the surface topology, growth direction, NW’s size, 
simulation approaches and interatomic potentials as discussed by other researchers [1-5, 20, 
24]. For instance, recent work reported that the   of the <110> orientated diamond NW is 
about 5-fold larger than that of <100> and <111> orientated diamond NWs [24]. To alleviate 
the fluctuation of  , its value is averaged over the time of 2.5 ns, 3.0 ns, 3.5 ns and 4 ns in 
the following. 
We then investigated the relationship between the TC and the length of 112   Si 
NWs. In consistent with the previous results [25, 26],   decreases with increasing 
temperature and exhibits a strong length-dependence as shown in Fig. 3. Based on the 
findings of Schelling et al. [27], when the periodic length of the simulation cell 
zL  is smaller 
than the phonon-free path,   depends on the inverse mean-free paths for scattering, i.e., 
31 1 1
4 B z
a
k v l L 
 
  
 
                                                            (1) 
where 
Bk  is the Boltzmann constant,   is the group velocity and l  is the mean-free path in 
an infinite system. Eq. (1) indicates that 1/  is linearly dependent on 1/ zL , which is 
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consistent with the results presented in Fig. 3. By extrapolating the linear tread in Fig. 3 to 
~ZL   (i.e., ), the limit of TC for a macroscopic system   can be obtained. It is 
estimated from Fig. 3 that the investigated NW possesses the largest 16.02   W/mK at 
300 K, which is about 90% reduction in comparison with that of bulk Si ( 156   W/mK) 
[28]. Such a large reduction signifies the phonon confinement effects in Si NWs due to the 
ultra-small diameter. Besides, Fig. 3 clearly demonstrates that the TC increases 
monotonically with increasing temperature, which is in agreement with results obtained by 
other researchers [1, 25, 29, 30]. 
3.2 Nanowires with parallel stacking faulted layers 
Next, we turn our attention to Si NWs with different ordered stacking faults. Four defected Si 
NWs were examined first, which possess one TB, one intrinsic SF, one extrinsic SF, and a 9R 
polytype structure, respectively (see Fig. 1c, e~g). As illustrated in Fig. 4, under 300 K, the 
temperature profiles of all four defected Si NWs are very similar to that of the perfect NW. 
Basing on the Fourier’s law, the corresponding TC is calculated as presented in Fig. 5a. 
In general, for all the NWs under 300 K with the length ranging from 53.20 to 88.67 nm, the 
presence of faulted stacking layers leads to a reduction of  . It is clearly seen from Fig. 5a 
that the introduction of eSF, iSF and 9R polytype crystal structure induces larger reduction to 
  than the TB. Specifically, the   for the NW with one/two twin boundaries is almost the 
same. Fig. 5b compares the relative TC (the value of TC obtained from defective NW over 
the TC of the perfect NW) among all five different defective NWs. It is apparent from Fig. 5b 
that, the reduction of TC induced by iSF, eSF and 9R polytype structure is around 15%, while 
the TC of the NW either with one TB or two TBs only exhibits a reduction around 5%. 
A series of tests are then conducted to acquire the TC of the defective NWs under 
various temperatures (i.e., 200, 400, 500 and 600 K) with the NW’s ranging from 53.20 to 
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88.67 nm. According to Eq. 1, the macroscopic limit of thermal conductivity   for the NW 
with different faulted stacking layers is estimated under different simulation temperatures. 
The relative   (  of defective NW over the   of the perfect NW) is compared in Fig. 6 
among all considered NWs. Consistent with the results presented in Fig. 5b, we observe a 
much smaller reduction of   for NWs with one/two twin boundaries comparing with that of 
the NWs with other three types of defects (around 20% reduction). Thus, it is concluded that 
the existence of TB tends to exert less influence to the thermal property of the NW than the 
other faulted stacking layers. Our simulation results signify that the core defects inside the 
NW are also responsible for the degradation of  , in agreement with the assumptions made 
by He and Galli [10]. 
3.3 Nanowires with perpendicular stacking faulted layers 
Finally, we consider Si NWs with perpendicular stacking faulted layers. With the same 
simulation settings, the <111> orientated Si NWs were studied with the axis direction 
possessing an ABC stacking sequence. All studied NWs have an identical radius of 3 nm and 
length of 75.2 nm. Two TBs, iSF, eSF and 9R polytype structures have been carefully created 
in the NW to assure that they are located at the middle part between the hot and cold regions, 
and also symmetric along the hot region (middle of the NW, as schematically shown in Fig. 
7a).  
Figure 7b compares the temperature profile between the perfect NW and the NW with 
two iSFs. Obviously, both NWs exhibit similar temperature profile, i.e. symmetric about the 
middle of the NW. According to the Fourier’s law, the TC of Si NWs with different 
perpendicular faulted stacking layers is estimated as shown in Fig. 7c. For the perfect NW, 
the TC is estimated as 12.06±0.25 W/mK.  For the other four NWs with stacking faults, a 
lower TC is found. The NW with two eSFs exhibits the lowest TC (about 10.40±0.41 W/mK). 
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To probe the effect of the size of the stacking fault on the TC of the NW, two extra 
models have been established, which possess four and six local 9R polytype structures (i.e., 
there are two and three evenly spaced 9R polytype structures between the hot and cold 
regions in Fig. 7a), respectively. It is found that the TC does not show a strong dependence 
on the size of the faulted stacking layers. Comparing with the TC of the NW with two 9R 
polytype structures (10.59±0.11 W/mK), a larger TC (~10.91±0.17 W/mK) is found for the 
NW with six 9R polytype structures and a lower TC is observed for the NW with four 9R 
polytype structures (~10.51±0.18 W/mK). Like the NW with parallel faulted stacking layers, 
the perpendicularly aligned eSF and 9R polytype structures are found to induce larger 
reduction to the TC (around 14%) than the TB (~8%) and iSF (~4%).  
 
IV. CONCLUSIONS 
In summary, we employed RNEMD simulation to elucidate the effects of stacking faults on 
the TC of Si NW. We have shown that the presence of stacking faults plays a critical role in 
degrading the thermal transport of Si NWs. Among the different stacking faults that parallel 
to the NW’s axis, the 9R polytype structures, intrinsic and extrinsic stacking faults exert more 
pronounced effects in the reduction of TC than the twin boundary. In the meanwhile, for the 
perpendicularly aligned faulted stacking layers, the extrinsic stacking faults and 9R polytype 
structures are observed to induce larger reduction to the TC of the NW than the twin 
boundary and intrinsic stacking faults. For all considered NWs, the TC is rather independent 
of the increasing number of faulted stacking layers. It is hoped that the present work can offer 
insights for better understanding the impact of the stacking faults, and provide guideline in 
the control of the TC by tailoring the crystal structure of the Si NW. 
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